The accurate calculations of doses delivered to patients are essential for successful proton therapy. The Monte Carlo computer simulation is considered to be the most accurate method used in these calculations. Its routine clinical application is limited because it needs the appropriately long computation time to get results with a good statistics. Therefore, the treatment planning systems are usually based on simplified methods. However, it is often necessary to make accurate calculations beyond a treatment planning system and the use of the Monte Carlo simulations is the best solution then. The purpose of the presented studies was verification of calculations of the depth-dose distributions in water using GEANT4 and MCNPX Monte Carlo codes for the proton therapy of eye tumours. The calculations were carried out for the real scatterer-phantom system used in the dosimetry measurements in a proton ocular radiotherapy. The first stage of the investigation was the check of agreement of results obtained with the use of the both codes. Finally, the calculated depth-dose distributions in water were compared with those obtained by means of dosimetry measurements. Abstract. Verification of calculations of the depth-dose distributions in water, using GEANT4 (version of 4.9.3) and MCNPX (version of 2.7.0) Monte Carlo codes, was performed for the scatterer-phantom system used in the dosimetry measurements in the proton therapy of eye tumours. The simulated primary proton beam had the energy spectra distributed according to the Gauss distribution with the cut at energy greater than that related to the maximum of the spectrum. The energy spectra of the primary protons were chosen to get the possibly best agreement between the measured relative depth-dose distributions along the central-axis of the proton beam in a water phantom and that derived from the Monte Carlo calculations separately for the both tested codes. The local depth-dose differences between results from the calculations and the measurements were mostly less than 5% (the mean value of 2.1% and 3.6% for the MCNPX and GEANT4 calculations). In the case of the MCNPX calculations, the best fit to the experimental data was obtained for the spectrum with maximum at 60.8 MeV (more probable energy), FWHM of the spectrum of 0.4 MeV and the energy cut at 60.85 MeV whereas in the GEANT4 calculations more probable energy was 60.5 MeV, FWHM of 0.5 MeV, the energy cut at 60.7 MeV. Thus, one can say that the results obtained by means of the both considered Monte Carlo codes are similar but they are not the same. Therefore the agreement between the calculations and the measurements has to be verified before each application of the MCNPX and GEANT4 codes for the determination of the depth-dose curves for the therapeutic protons.
monly used for various calculations in Hadron therapy as well as in classical radiotherapy and in radiation medical physics. GEANT4 and MCNPX codes were applied successfully for calculations of stopping power coefficients and ranges of electrons, protons and alpha particles in liquid water [1, 2] , the determination of energy spectra of therapeutic X-rays in water [3] and energy spectra of protons [4] , the determination of FWHM and depths of Bragg peak for protons with various energies [5, 6] and LET values for protons and carbon ions [7] , calculations of CT images [8] [9] [10] , a spread-out Bragg peak for a variable-magnetic-field-based energy-selection system [11] and radio-induced DNA damage quantifications [12] , etc. There can be also found a lot of papers with applications of GEANT4 and MCNPX codes for purposes of radiation protection of patients and personnel operating medical devices. The examples of applications in the area of radiation protection can be calculations of a radiation field around accelerators [4, 13] , estimations of the organ doses in HDR brachytherapy [14] and in proton eye therapy [15] , estimations of the alpha doses absorbed during inhalation of short-lived radon progeny [16] , the determination of uncertainties in the mean excitation energy of human tissue during proton therapy [17] and optimization of individual patient shielding [18] , etc. Comparison of MCNPX and GEANT4 codes in the range of calculations of proton energy depositions for clinical use (CT images) performed by Titt et al. [10] are indicative to good agreements between results obtained by both codes. The GEANT4 code was also tested by Cirrone et al. [7] for proton dose calculations. However, the Cirrone's test was performed for the simple scatterer-phantom system for protons and carbon ions with energy of 62 AMeV (A -number of nucleons). The presented investigations were carried out for the real scatterer-phantom system used in a proton ocular radiotherapy facility in the Henryk Niewodniczański Institute of Nuclear Physics of the Polish Academy of Sciences in Krakow (Poland), in which the 60 MeV proton beam is applied. The protons are accelerated in the AIC-144 isochronous cyclotron. The main Monte Carlo simulations were carried out using the computers in the Department of Nuclear Physics and Its Applications of the University of Silesia in Katowice (Poland) and the computers of PL-Grid Infrastructure, under the Linux operating system.
Materials and methods

Monte Carlo simulations
GEANT4 in version of 4.9.3 and MCNPX in version of 2.7.0 were used in the simulation programs. The calculations were carried out for the default simulation parameters of the both codes. The simulated source of primary protons was in the shape of a circle with the radius of 9.5 mm. The primary proton spatial distribution was homogeneous in the plane perpendicular to the central-axis of the beam, i.e. to the directions of the proton propagation. The primary proton beam had the energy spectra distributed according to the Gauss distribution with the cut at energy greater than that corresponding to the maximum of the spectrum. The energy spectra was chosen separately for each code to get the possibly best fit to the experimental data, i.e. to the measured relative depth-dose distributions (curves) along the central-axis of the proton beam in a water phantom. In the case of the MCNPX calculations energy of the maximum of the spectrum was 60.8 MeV (more probable energy). FWHM of the spectrum was 0.4 MeV and the energy cut was at 60.85 MeV. In the case of the GEANT4 calculations the best fit to the experimental data was obtained for the spectrum with maximum at 60.5 MeV, the energy cut at 60.7 MeV and FWHM of 0.5 MeV.
The following physical processes were taking into account in the simulation: elastic and inelastic interactions, multiple scattering -for protons and electrons and additional nuclear reactions for protons; photoelectric effect, Compton interaction, gamma -conversion and Rayleigh scattering for photons; elastic/inelastic scattering and simple capture for -neutrons; some others of the lower significance, for example, -atomic relaxation, the Auger effect, radioactive decay, etc. The depth-doses were calculated in logic detectors, i.e. in the determined volumes inside a 10 × 10 × 10 cm water phantom. Each logic detector was in the shape of a box of 20 × 20 × 0.08 mm. Wider logic detectors make it possible to get better statistic but it causes a decrease of accuracy of the depth-dose distribution determination, particularly, in the Bragg peak region. The distance between the centres of the neighbouring boxes was 0.1 mm. The simulated scatterer-phantom system is presented in Fig. 1 . The geometric details of this system and materials used in its constructions are included in Table 1 .
Measurements
Measurements of the depth-dose distributions along the central-axis of the proton beam in a water phantom were performed to verify the results obtained by the Monte Carlo calculations. The scatterer-phantom system applied in the measurements corresponded to the simulated one. The measurements were carried out with the use of the PTW 23343 Markus ionization chamber at the eye therapy room of the Institute of Nuclear Physics of the Polish Academy of Sciences in Krakow [19] . The ionization chamber was shifted from 2 to 30 mm (with the step shorter than 0.1 mm) to get one central-axis depth-dose curve in water. The measurements of the depth-doses were performed according to the recommendation of IAEA TRS-398 [20] .
Results
The first stage of the presented investigation was a comparison of the relative depth-dose distributions obtained with the use of MCNPX and GEANT4 codes. The depth-dose distributions were calculated along the central-axis of the considered proton beam in water for the scatterer-phantom system shown in Fig. 1 . Additionally, the relative depth-dose distributions were calculated for each scatterer separately for the better comparison. Verification of the use of GEANT4 and MCNPX Monte Carlo codes for calculations... The obtained curves are compared in Fig. 2 . The parameters of the calculated curves are included in Table 2 .
The Bragg peaks obtained with the use of MCNPX code are slightly shifted (i.e. about 0.1 mm) compared with that derived from the GEANT4 calculations for each considered scatterer with the exception of the ionization chambers where the complete agreement appears. Moreover, the GEANT4 calculations give the 0.1 mm wider Bragg peaks than those calculated with the use of the MCNPX code. In the case of the relative Fig. 1 . Scheme of the simulated scatterer-phantom system applied for verification of a depth-dose distributions calculated with the use of GEANT4 and MCNPX codes. *The distances included in column 3 were used in the calculations. In the real system the precision of some distances is of course unreachable, because of many reasons like the thermal effect, for example. It gives its contribution to the differences between the calculated depth-dose distributions and the measured one. depth-dose curves calculated applying the MCNPX code the ratio of the minimum dose to the maximum dose D min / D max is equal to 0.19 for each considered scatterer contrary to the GEANT4 calculations where the values of D min /D max range from 0.17 to 0.18. However, D min /D max is equal to 0.19 for the both codes for the full scattering system.
In the second stage of the presented study the obtained relative depth-dose curves for the full scatterer--phantom system were compared with those from the experiment. The comparison of the calculations and the measurements is presented in Figs. 3, 4 and Table 3 . The square of the Pearson correlation coefficient was also determined for the calculated and measured relative depth-dose curves presented in Fig. 3 to check the agreement between the curves from the Monte Carlo calculations and from the measurements. There is a good correlation between the data obtained with the use of the MCNPX and GEANT4 codes (R = 0.996). The local differences between the measured and calculated relative depth-doses are less than 5% in most cases (see Fig. 4 ) for the uncertainty in the Monte Carlo calculations (statistical fluctuations) less than 4% and for the measuring error of about 1%. The mean value of the local differences is equal to 2.1% and 3.6% for the MCNPX and GEANT4 calculations, respectively. The maximum local differences do not exceed 10%. The greatest differences appear in the range of depths with the largest gradient of the depth-dose, i.e. in the region of the Bragg peak. It is caused by the fact that in this largest gradient region the active volume of the ionization chamber applied in the measurements contains the region with depth-doses differing significantly from each other. Thus, the readings of the ionization chamber are the mean depth-dose in the active volume whereas the logic detectors were several times thinner (in the direction of the beam propagation) than the active volume of the ionization chamber, to get the possibly precise representation of the depth-dose curves.
Discussion and conclusions
The presented investigations were performed for the chosen materials (seven materials composed of six elements). The both considered Monte Carlo codes give the similar results for each considered scatter as well as for the full scattering system. However, it is worth noticing that the primary proton beam in the MCNPX calculations had the energy spectrum (more probable energy at 60.8 MeV, FWHM of 0.4 MV, energy Table 2 . The parameters (D min /D max , FWHM of Bragg peak, the depth of the maximum dose) describing the relative depth-dose distributions along the central-axis of the beam in the water phantom, obtained for the proton beam after passing through vacuum. Air, the dispersing foil, the Kapton window, the therapy monitor chambers, the PET phantom wall and the full scattering system consisting of all mentioned scatterers The PET phantom wall was converted into the equivalent water layer. GEANT4_Meas -a square of the Pearson correlation coefficient for the curve calculated using the GEANT4 code and the curve from the measurements. cut at 60.85 MeV) somewhat different from that in the GEANT4 calculations (more probable energy at 60.5 MeV, FWHM of 0.5 MV, energy cut at 60.7 MeV). Such energy spectra give the best agreement between the measured relative depth-dose curves and those calculated with the use of the MCNPX/GEANT4 codes. The optimal spectra of the primary proton beam for each code were obtained in series of the trial simulations. The same spectra for the both codes did not give the best fit to the experimental data. The observed overestimation of depth-doses in the MCNPX calculations (greater energy of the starting proton beams) compared to the GEANT4 code is caused by various models used in estimations of the angular deflection of protons. In MCNPX algorithms a small-angle Coulomb scattering is based on a theory presented by Rossi [21] , whereas a modified Highland-Lynch-Dahl formula [22] is applied in GEANT4 in calculations of the angular distribution of protons. The relatively small differences between the calculated depth-dose distributions and the measured one are indicative that GEANT4 as well as MCNPX can be applied for calculations in the dosimetry in a proton ocular radiotherapy. However, one can say that the results obtained by means of the both considered Monte Carlo codes are similar but they are not the same. Therefore the agreement between the calculations and the measurements has to be verified before each application of the MCNPX and GEANT4 codes.
